generally fixed receiver station. At the receiving sta tion, the incoming signal is (a) code acquired and tracked, (b) carrier acquired and tracked, (c) phase locked to the receiver local oscillator and (d) coher ently demodulated to extract the desired data. The re ceiving station advantageously employs plural receiv ing elements each having a pseudo-random sequence code matched filter which significantly reduces code acquisition time by obviating the necessity of exhaus tively correlating the incoming signal with a replica of the pseudo-random code word at the receiver station. A/6/2 now abandoned.
This invention relates in general to spread spectrum communication systems and in particular to a spread spectrum communication system, for use in search and rescue applications, which has a simple transmitter con figuration and a sophisticated receiver configuration.
Spread spectrum communication systems are well known in the art. The spread spectrum technique has been used in many applications, for example, in connec tion with anti-jamming systems. According to conven tional spread spectrum systems, the message informa tion is encoded to provide a transmission signal which is spread over a bandwidth or frequency spectrum that is wide relative to the message or information bandwidth. The transmission signal is passed through a selected wide band communications channel to a receiver at which the transmission signal timing is acquired and tracked and the message information is thereafter re covered.
Spread spectrum systems typically incorporate pseu do-random noise generators at the transmitter for gen erating, for example, a phase modulated, spread spec trum signal. Corresponding pseudo-random noise gen erators are then employed at the receiver and are syn chronized to the transmitter pseudo-random noise gen erator for coherent detection of the message signal. Some spread spectrum systems employ plural pseudo random noise generators at both the transmitter and receiver.
The primary purpose of employing a pseudo-random noise generator (as opposed, for example, to a random noise generator) at the transmitting and receiving sta tions is to provide a low-level transmission signal which can be reliably correlated with an internally generated receiver pseudo-random noise signal to improve signal to noise ratio of the system and to increase system reli ability. Once the incoming spread spectrum signal has been detected and identified, various techniques have been employed, according to the literature, for recover ing the message data. Unfortunately, these systems may have unacceptably long acquisition times under high noise conditions.
Further, according to the prior art, the typical con cept of a spread spectrum communication system has been to transmit the spread spectrum wide bandwidth signal over a broadbandwidth channel and to recover it from or pick it out of the noise existing in the channel. The channels generally used typically include a broad bandwidth portion of the radio frequency spectrum for example in the microwave range.
The present invention pertains in particular to the application of spread spectrum techniques for maintain ing reliable communications with plural low power transmitting stations positioned in diverse geographical regions. In particular, in connection with marine search and rescue operations, NASA has been studying differ ent apparatus which use low orbiting satellites, such as TIROS, to enhance the capability of the marine search and rescue system to determine the position of a distress transmitter. Generally, the techniques employed by prior art systems include Doppler shifts and the use of multiple satellites to determine the position of a distress transmitter. These systems have met with a limited success because of the discontinuity of visibility of low orbiting satellites and the impracticality of requiring multiple satellites to be visible from any given region at all times. (It is preferable, with respect to multiple satel lites, to have three satellites within view of the distress transmitter at all times.)
It is therefore an object of this invention to provide a spread spectrum apparatus and method which does not require a dedicated channel, and which has significantly decreased signal processing time, thus increasing the speed with which a distress transmitter can be acquired. Other objects of the invention include the provision of inexpensive low power transmitters, a reliable data ac quiring receiver station, and the use of geosynchronous orbiting satellites in connection with marine search and rescue applications.
SUMMARY OF THE INVENTION
The method and apparatus of the invention relate to a spread spectrum communications system. The appara tus according to the invention features a transmitting element and a receiver station. The transmitting ele ment has circuit elements for repetitively generating a binary message signal from the sequence of binary input data and a modulation element for generating from the message signal a spread spectrum transmission signal.
The transmission signal is adapted to be transmitted as a . pseudo-noise signal over a bandwidth otherwise used by a plurality of relatively narrow bandwidth repeater channels, each channel being dedicated to receiving and retransmitting communications signals unrelated to the spread spectrum signal. The receiving station receives the spread spectrum transmission signal, as retransmit ted through the channels, and reconstructs the input data from the received retransmitted transmission sig nal. Preferably, the transmitting element is adapted to generate a spread spectrum signal for transmission through a wideband satellite communications system, the satellite system being otherwise dedicated to use with a plurality of relatively narrow bandwidth chan nels.
The generating circuitry according to the invention features means for repeatedly generating at a first bit rate, a selected pseudo-randon code binary signal hav ing a selected length, the first bit rate and the selected length defining a code word cycle time. The generating circuitry further features means for generating at a sec ond bit rate, a synchronization identification word bi nary signal and at a third bit rate, the sequence of binary input data. The first bit rate divided by the selected length is an integer multiple of the second bit rate and of the third bit rate. The generating circuitry further com bines the code signal, the synchronization signal, and the data sequence to form a repeating binary message signal. The modulating means thereby has circuitry for modulating a constant frequency carrier wave with the message signal to generate the spread spectrum trans mission signal.
The receiving station, according to the invention, features at least one and preferably plural receiver ele ments. Each receiver element is substantially identical and comprises means for forming first and second quad rature component signals of the received signal at a selected carrier frequency, and a first and a second pseudo-random code matched filter, each filter being 4,291,409 3 responsive respectively to said first and second compo nent signals and being matched to the selected pseudo random code signal. There is further featured incoher ent detection means responsive to outputs of the filters for providing an output signal representing the degree of correlation of the received signal and the selected pseudo-random code signal.
The detection means has a code cycle accumulator for separately accumulating the sum of the squared value of the outputs of the code matched filters at each of a plurality of periodically occurring sample times over the code period and means for resetting the stored contents of the accumulator in response to the occur rence of the first of (a) a selected sampling time or (b) an accumulated stored contents greater than a first thresh old value. Preferably, the periodically occurring sample times correspond to one-half the time duration between pseudo-random code bit occurrences. The number of accumulator storage elements in this preferred configu ration is equal to twice the number of pseudo-random code bit occurrences in a code cycle. Means responsive to the accumulator output select a repeating clock pulse time position corresponding to a repeating accumulator output greater than the first threshold and synchronized to a detected pseudo-random code modulated received signal.
Each receiver element further features a variable clock source of first clock signals, means for generating a clock update signal, the clock update signal generat ing means having means for sampling the output of the accumulator at plural clock times centered around the repeating clock pulse and for providing a difference output signal equal to the difference of each two sam pled accumulator outputs. The difference output signal is filtered and the variable clock source is responsive to the output of the filtering for varying the frequency of the clock source for producing a selected difference. The output of the clock source controls timing of a tapped charge transfer device or equivalent delay de vice which in part implements the code matched filter.
The outputs of the code matched filters, after the code has been acquired and tracked, are provided to one or more synchronization word and/or data word matched filters. The receiver then features means re sponsive to the code and data word matched filter out puts for accurately determining the frequency of the transmission signal carrier.
The receiving method used in the spread spectrum system, wherein the transmitted message has plural message bits synchronously combined with a repeating pseudo-random code sequence of higher bit rate, fea tures the steps of forming first and second quadrature component signal of the received signal at at least one selected carrier frequency; for each pair of quadrature signals, passing each quadrature component through a pseudo-random code matched filter, each filter being matched to the selected pseudo-random code signal; and processing the filter outputs to provide data output signals representing the message.
In a preferred aspect of the invention, the method further features the steps of acquiring and tracking the pseudo-random code signal, coherently detecting, at each of a plurality of first frequencies, a plurality of short sequences of the message signal and accumulating the incoherently summed outputs at each first fre quency as a function of time; selecting from the accu mulation of incoherently summed outputs a selected first frequency; coherently detecting up to an entire message at each of a plurality of closely spaced second frequencies, the second frequencies being more closely spaced than the first frequencies and being centered around the selected first frequency; combining and ac cumulating the outputs at the second frequencies; se lecting from the accumulation of second coherent out puts a selected second frequency; wherein said selected first and second frequencies are increasingly accurate approximations of the transmission signal carrier fre quency.
The method further features, in the preferred aspect, the steps of activating an automatic frequency control loop for a more precise selected carrier frequency than achieved by the first and second selected frequencies, and activating a Costas loop filter for locking a voltage control oscillator in phase and frequency with the re ceived carrier frequency.
In another aspect, in connection with a spread spec trum system wherein the transmitted message comprises plural message bits synchronously combined with a repeating pseudo-random code sequence, the receiving method comprises the steps of non-coherently acquiring and tracking the pseudo-random code sequence, and thereafter acquiring and tracking the transmitted carrier frequency and phase.
DESCRIPTION OF THE DRAWINGS
Other objects, features, and advantages of the inven tion will appear from the following description of a preferred embodiment taken together with the draw ings in which:
FIG tributed across an allocated frequency range. The com munications data transmitted through these channels will generally have good signal to noise ratio and hence can be described as "strong and reliable' data signals. These signals are characterized by relatively high power levels and high signal to noise ratios. The spread spectrum system according to the invention provides signals which are characterized by a low peak power in a portion of the frequency range allocated to the satel lite. This is indicated by the dashed line 22 in FIG. 2 which represents the lower power spread spectrum power spectrum. The low power level assures negligi ble interference to existing satellite narrow bandwidth communication so that, with respect to those narrow bandwidth communications, the superimposed spread spectrum signal in the channel has the appearance of low-level noise.
Because, according to the invention, low power lev els are employed in connection with the spread spec trum transmitted signal and in order to acquire and recover the spread spectrum signal from the noise which has a comparable or greater power level, the message data is combined with or superimposed on a repeating pseudo-random coded signal. This enables reliable detection of the data as described in detail be low. The transmission signal, according to the illus trated embodiment of the invention, consists of a phase modulated carrier signal of selected frequency, modu lated by a signal consisting of a pseudo-random code sequence synchronously combined with the synchroni zation word and data bits. Referring to FIG. 3A, the repeating message signal structure, according to the illustrated embodiment of the invention, consists of, in sequence, a synchroniza tion word 24, a transmitter identification data word 26, a position data word 28, and a distress code word 30. As noted above, this message is combined with a repeating pseudo-random noise code sequence, designated a code cycle 32, so that each data bit corresponds to a fixed number, for example 5 in the preferred embodiment, of pseudo-random noise code cycles. Each pseudo-ran dom noise code cycle 32 consists of a plurality, N, of code chips 36, each code chip corresponding to a single bit in the pseudo-random code sequence.
Referring to FIG. 4 , a typical transmitting element 40, for generating the message structure of FIG. 3A, has a code word generator 42, a synchronization word generator 44, and a data word generator 46 whose re spective outputs are combined, here through a modulo 2 summing network 48. Each of the generators 42, 44, 46 comprises a digital shift register 50, 52, 54 respec tively and each shift register is clocked from the output of a crystal controlled clock 56 appropriately reduced in frequency, as needed, for the synchronization shift register 52 by divider 58 and for data shift register 54 by dividers 58 and 60. Dividers 58 and 60 may be for exam ple appropriately configured binary counters. The mod ulo 2 sum of the outputs of generators 42, 44, 46 is ap plied to a modulator 62. In the illustrated embodiment, modulator 62 is a phase modulator such as a double balanced mixer which uses the output of summing net work 48 over line 64 to modulate the output of a crystal controlled oscillator 66 over line 68. The preferably phase modulated output of modulator 62 is applied to a power amplifier 70 which provides its output to a trans mitting antenna system 72.
Data entered into the data word generator 46 from an external source is differentially encoded as is well known in the art.
The code generator 42 is configured as is well known in the art to provide a maximal length pseudo-random code over its output lines 74. The synchronization word generator and the data word generator use the shift registers 52 and 54 respectively in a recirculating mode with "zero bits' stored in unused elements of the regis ters so that after the modulo 2 addition of their outputs, the message signal is properly combined and synchro nized.
Referring to FIG.5A, the receiving station comprises an input RF and IF stages 76 which provide, over a line 78, the IF output signal. The IF output signal is pro cessed by each of a plurality of receiver elements 80a, 80b, . . . , 80n. The identical receiver elements each operate in parallel with each other and contain a mixing frequency slightly offset from its neighbor. The mixing frequency of the totality of the receiver elements en compasses the carrier signal frequency employed by the transmitting station and allows, in addition for instabili ties in the transmitter crystal oscillator 66. Each re ceiver element consists of a code acquisition portion 82, a code tracking portion 84, a carrier tracking loop 86, and a data detector 88, functionally depicted in FIG. 5A.
Synchronization of the pseudo-random noise code is obtained first by the code acquisition and code tracking portions of the receiver. According to the invention, this acquisition procedure is carried out incoherently; and once code acquisition is achieved, the code tracking loop is enabled. Next, a unique procedure provides 4,291,409 7 precise carrier tracking and thereafter a Costas loop having a small loop bandwidth, is enabled to maintain a low steady state phase error in the expected high noise operating environment. The code tracking loop is im plemented as a delay lock loop or an equivalent circuit, and under appropriate operating conditions tracks the basic code to a small fraction of a pseudo-randon code chip duration. The final component of the receiver element is the data detector which performs.the neces sary integration, symbol and frame synchronization, and clocking functions to reliably decode the message.
The detected data consists of the transmitter identifica tion, position, and distress code bits noted earlier.
Referring now to FIG. 5B, a more detailed block diagram of the code acquisition and tracking portions of the receiver, the IF input signal over line 78 is divided into its quadrature components over lines 93a, 93b, at a starting frequency set by voltage controlled oscillator 94. The quadrature components are passed through respective code matched filters 96a, 96b, the outputs of which, over lines 98a and 98b, are applied to squaring networks 100a, 100b respectively. The signal output of squaring networks 100 are combined by a summing network 102 which produces the algebraic sum of the input signals. The output of summing network 102 is delivered to a code cycle accumulator 104 whose out put over line 106 is provided to a threshold device 108. (The operation of device 108 is described below.) The receiver described thus far comprises the code acquisi tion portion of the receiver element.
The prior art procedure acquires the pseudo-random code, either by generating a local replica of the code and stepping from one chip position of the received signal to the next until a correlation between the incom ing signal and the code is achieved, or by use of short delay matched filters based, for example, on surface acoustic wave devices, or by a combination of these techniques. The prior art technique is thus a very time consuming project. The present invention replaces the prior art approach and employs the code matched filters 96 to perform the correlation. The code matched filters 96 have a low pass filter 110a, 110b matched to the pseudo-random noise chip pulse shape and a tapped analog delay line 112a, 112b, such as a charge transfer device tapped delay line/analog shift register, with the output appropriately weighted and combined to corre spond to the pseudo-random noise code. The employ ment of the code matched filter enables the substantially instantaneous determination of the correlation value corresponding to each chip position and the acquisition time is significantly reduced.
Referring to FIG. 6A, which depicts in isolation the code acquisition portion of the receiver element, and to FIG. 6B, which is a flow diagram of the operation of the code acquisition portion of the receiver element, the output of a variable clock 114 is applied to each tapped delay line. The frequency of the clock 114 output is set approximately equal to twice the code chip bit rate. Accordingly, the number of stages in each tapped delay line 96 is twice the number of bits in the pseudo-random code sequence. In this way, two correlation output samples are provided for each pseudo-random code chip, and a sample will be taken within one quarter of a chip cycle of the correlation peak. As will be described later, clock 114 is variable so that it can be exactly frequency and phase synchronized with the transmitter clock. The output of the respective code matched filters is therefore a sequence of correlation signal values wherein the signal amplitude corresponds to the corre lation of the quadrature component to the code se quence. These signal values are squared by squaring networks 100a, 100b, respectively, because the receiver, at this stage of its operation, must incoherently detect and acquire the transmission signal. The summed output over a line 115 is applied to code cycle accumulator 104.
The code accumulator 104 stores the value of each summed output over line 115 twice each code chip time (corresponding to two samples for each code chip). Each such summed output over line 115 is added to the corresponding cumulative value in a recirculating delay device. Thus, if the repeating pseudo-random code sequence has a length of 1023 bits, the code cycle accu mulator stores the value of 2046 samples.
Referring now to FIG. 6B, each receiver element is
initialized by the resetting all of the registers of the code cycle accumulator. Inputs to the code cycle accumula tor are continuously received from the summing net work, and according to the preferred embodiment of the invention, the accumulated signal values are ob served at times corresponding to one-half of a code chip interval. If the observed value exceeds a preset thresh old the time of the threshold crossing is recorded, the accumulator is reset, and the procedure is repeated. If a threshold is not recorded within the selected observa tion time, say one second, then the accumulator is reset and the procedure repeats. This code acquisition proce dure repeats until three time related threshold crossings, within a second selected observation time, say, ten sec onds, are recorded. The code is then assumed to be acquired.
In a practical system, however, the clock controlling generation of the code sequence, clock 56, will slowly drift, especially over a multi-second interval, and due to code clock drift, the detected samples will not necessar ily be identically spaced from the pseudo-random noise code correlation peak. Because of this uncertainty in the continuing code drift, the carrier acquisition process, as described below, cannot be initiated until the receiver element accurately locks onto the code and synchro nizes its local clock 114 to that of the transmitter. Even after code acquisition is achieved, the threshold detec tor 108 continues to monitor the output of the code cycle accumulator however the threshold itself is re duced. This procedure provides an ongoing verification that the code acquisition is continuing, and insures that the code tracking procedure, to be discussed below, is functioning properly. This procedure also enables the receiver to eventually detect the situation in which code acquisition was precipitated by a false alarm.
Once the code has been acquired, code lock and tracking is implemented through the equivalent of a delay lock loop. Referring to FIG. 7, non-coherent code tracking is employed because coherent phase lock has not yet been achieved and because of the bi-phase data superimposed on the underlying pseudo-random noise code. Also, post detection accumulation (accumu lator 104) is employed prior to updating the local code clock 114 to compensate for signal to noise ratio losses from use of the squaring network. The summing net work is required because of the continuing need for incoherent detection.
Referring to FIG. 7 , the squared outputs of the code matched filters 96a, 96b are summed and accumulated in the code cycle accumulator 104. In order to provide the 9 needed signal to noise ratio, a plurality of code cycles are accumulated to compensate for the squaring loss noted above. In the preferred embodiment, the number of accumulated cycles, "L', equals 100. The output of the code accumulator is normalized through an attenu ating network 120 and is applied to a second summing network 122. The other input to the summing network 122 is the output of attenuator 120 delayed by one code chip interval, through a delay 124. The output of the summing network 122 which equals the difference be tween its inputs, is sampled once every L code cycles by the pulse controlled switch 126. Switch 126 is clocked once every "2LN' pulse outputs of code clock 114.
(The output of code clock 114 is divided by a dividing element 128, by the factor equal to "L' times "2N'. The dividing element 128 may be, for example, a multi-stage binary counter appropriately configured to reset after reaching a count equal to the product of "L" and "2N'. The code clock 114 is synchronized to the transmitter clock 56 by passing the sampled output of summation element 122 through a loop filter 132, the output of which controls the frequency and phase of code clock 114. (Initially the sampling time is chosen to correspond to the time of occurrence of the correlation peak.) In a typical system, a reasonable time to "lock' onto the pseudo-random code should be about 5 seconds. At this point in time, code acquisition and code tracking will have been achieved, and the next step in achieving synchronous detection is carrier acquisition.
Carrier acquisition is accomplished, according to the preferred embodiment, through a multi-stage proce dure. The prior code acquisition procedure will have already reduced the carrier uncertainty. Thus, if the receiver elements are set 500 Hz, apart, the carrier fre quency uncertainty will be approximately plus or minus 250 Hz. During the following carrier acquisition method, that uncertainty is sequentially reduced. In the illustrated embodiment, the uncertainty is first reduced to plus or minus 87.5 Hz, and then to plus or minus 12.5 Hz, both in an open loop fashion. An automatic fre quency control (AFC) loop is then enabled which re duces the carrier frequency uncertainty to less than 7.5 Hz. This falls in the loop bandwidth of a Costas loop (which is well known in the art). The Costas loop can then be enabled so that phase lock can be achieved.
Since the frequency uncertainty, in the illustrated embodiment, at the onset of carrier acquisition is plus or minus 250 Hz, a frequency search over the resulting 500 Hz, band is first implemented. While various tech niques can be used in this initial stage, the illustrated procedure employs four frequency steps of 125 Hz. each. Unlike code acquisition, wherein a coherent inte gration takes place only over a single code cycle, in the illustrated embodiment, the corresponding integration is implemented over five code cycles. This interval corresponds to the duration of each data bit in the mes sage. Thus, in the illustrated embodiment, each data bit corresponds to five complete pseudo-random noise code cycles (and preferably the data bits are encoded using a 5 bit Barker code as is well known in the art).
During carrier acquisition, clock 114 continues to provide the timing necessary for accurately shifting data in the code matched filters 96a, 96b, and the clock 114 output, divided by a factor of 2N, twice the number of chips in a pseudo-random code word, by dividing Post detection accumulation now proceeds in a man ner similar to that employed in connection with code acquisition. Since the carrier frequency is known to plus or minus about 250 Hz, and since in the preferred em bodiment a complete code cycle is assumed to take 1 msec., a coherent integration can take place over five code cycles. Thus, for the 20 bit synchronization word in the illustrated embodiment, there are four summing networks 144 each receiving the inputs from five con secutive taps of the synchronization word matched filter delay line. Correspondingly, the five Barker code bits representing a data bit are summed by summing network 146. The outputs of the summing networks 144, 146 are incoherently detected by squaring the sum ming network outputs and then summing the total of the squared outputs at summing network 148. The output of summing network 148 is made available to a message cycle accumulator 150 whose, operation corresponds to that of code cycle accumulator 104. As shown in FIG.  8A , the output of the squaring network associated with the data bit coherent detection, squaring network 152, is also connected to a plurality of one data bit delay ele ments 154, the number of the delays corresponding to the number of data bits in the message. The delay of elements 154 equals the time required to transmit the data bit, and corresponds in the preferred embodiment, to five code cycles.
The output over a line 156 of summing network 148 thus represents a combination of coherent and incoher ent detection for an entire message. The output includes both quadrature components. The output of the sum ming network 148 is observed by the message cycle accumulator 150 at intervals corresponding to the length of a code cycle and the output at each code cycle interval is recorded in the messsage cycle accumulator. Corresponding message times of successive code cycles are thus accumulated for a selected number of message cycles, eight in the preferred embodiment, and during the last accumulated messsage cycle, the output of the messsage cycle accumulator is observed at the code cycle intervals. If, at this time, any accumulator output exceeds a preselected threshold set by a threshold de tector 158, the largest accumulator output is recorded. This procedure is followed for each of the selected frequencies (controlled by the variable voltage con trolled oscillator 94) and the recorded outputs are there after compared with one another. The frequency corre sponding to the largest value of recorded accumulator output is then selected as the frequency closest to the frequency of the transmitted source carrier. The proce dure described above is illustrated in the flow chart of FIG. 8B. In the next or second stage of carrier acquisition, the uncertainty frequency band, now reduced to approxi mately plus or minus 87.5 Hz., is reduced still further. In the illustrated embodiment, in this second stage of ac quisition, the voltage controlled oscillator is stepped in 25 Hz. steps over a frequency range centered around the frequency resulting from the first stage of carrier acquisition and the entire synchronization word is co herently detected. Thus, referring to FIG. 9, and omit ting for clarity, the clock structure of FIG. 8A , the outputs of the code matched filters 96a and 96b for each selected frequency, are applied to synchronization word matched filters 138a, 138b. For each selected frequency and for each code cycle, a coherent integra tion over the 20 data bits forming the illustrated syn chronization word is effected and the coherent outputs, provided by summing networks 160a and 160b, are squared by squaring circuits 162a and 162b. The outputs of the squaring circuits are added by summing network 164, and after summation, are observed and stored as ceptable signal to noise ratio, the coherent integrations are performed over a selected number of message cy cles, for example, 10 message cycles. Because of the synchronization word correlation properties (a Neu man-Hofman sequence can be used), the correlation peak will cross a preset high threshold with high proba bility only for that code cycle time corresponding to correlation of the entire word. (The preset threshold is controlled by a threshold detector 166). Thus, the stepped frequency containing the highest output signal, of those which exceed the threshold, is selected as the frequency closest to the transmitter carrier frequency.
The final stage of the carrier acquisition procedure, prior to enabling a Costas loop, consists of automatic frequency control (AFC) frequency synchronization. The corresponding block diagram (FIG. 10) is analo gous to a circuit configuration described and discussed in Cahn et al, "Software Implementation of a PN Spread Spectrum Receiver to Accommodate Dynam ics', IEEE Transaction on Communications, Volume COM-25, No. 8, August 1977, pps. 832-840 , the perti nent portions of which are incorporated herein by refer ence. To enhance AFC loop "pullin', a first order loop is employed. Furthermore, predetection integration over a full bit duration, corresponding to five code cycles, is employed here to enhance the predetection signal to noise ratio. This is possible however, only by virtue of the previous carrier acquisition stages since proper AFC loop operation results only if the phase change over the predetection integration interval does not exceed 90'. This will be clearly satisfied where the present uncertainty is 40 Hz. and the integration inter val is, for example 5 milliseconds, corresponding to 5 complete pseudo-random code words. The resulting frequency acquisition from the AFC "pull in', falls within the 7.5 Hz. Costas loop bandwidth which is considered below. The open loop method described above reduces the frequency uncertainty to a manageable level and also provides data word synchronization which enables the AFC loop to perform a predetection integration over a 5 O 15 12 full data bit duration, rather than only over a single code cycle. The resulting predetection signal to noise ratio enhancement permits satisfactory AFC operation and also allows the Costas loop, discussed below, to operate in a satisfactory manner.
Once the AFC loop achieves lock, the corresponding control voltage is disabled and the Costas loop (FIG.   11 ) is enabled. The predetection integration is again over the full data bit (5 code cycles in the illustrated embodiment) with the loop filter now being of second order. Since word synchronization has already been attained, each data bit integration (over 5 code cycles) can be matched to the 5 bit Barker coded data bit (used in the preferred embodiment) or to appropriate portions of the synchronization word for greater system reliabil ity. accumulator 167 which receives the output of the in phase portion of the receiver matched filter 96a output over line98a. This is a coherent baseband signal input to the data detector. The signal to noise ratio is built up to an acceptable level by passing the baseband signal through the message cycle accumulator 167 for a num ber of message intervals. This is easily accomplished since the message repeats numerous times before the transmitter shuts down. This procedure allows for a significant reduction in the data bit duration per mes sage, and the requirements of the Costas loop are also reduced.
The accumulator output over lines 168 is used for two purposes. First, the output is directed to synchroniza tion word matched filter 138a, and an appropriate threshold detection element 169, connected to the out put of the synchronization word matched filter, pro vides not only frame synchronization but is connected to a message and data synchronization element 170 to provide the bit and word synchronization required for the data detection which follows. Thus, upon the detec tion of the synchronization word by threshold detector 169, the message and data synchronization element 170 provides for periodic closing of a switch 172.
The output of message cycle accumulator 167 is also directed along line 168 to a data bit matched filter 174.
The output of the data matched filter is sampled by the message and data synchronization element 170 through switch 172. The output is directed to both a multiplier network 176 and to a one data bit delay element 178 so that the data output over a line 180 does not contain the differential encoding of the transmitted data stream. The 180° phase ambiguity resulting from use of the Costas loop is thus resolved.
While the spread spectrum communication signal has been described here in connection with a particular application and in a particular embodiment, the general concept of the system, including (a) the use of code matched filters based on charge transfer devices or their equivalent in place of the prior art technique of generat ing a repeating replica of the pseudo-random code se quence at the receiver and (b) the implementation of code acquisition and lock at very low signal-to-noise ratios prior to carrier acquisition, provides a system 4,291,409 13 having excellent capability and reliability. The low cost transmitters of the invention may be provided at a plu rality of locations, and existing communications chan nels, dedicated for other purposes, may be used without interferring with the normal operation of the channel. The sophisticated receiving stations can be configured to "pull' the intelligence (i.e. data) incorporated into the transmitted signal from the noise. In the preferred embodiment of the invention, the transmitter transmis sion is periodically terminated and restarted to provide different synchronization timing so that multiple sys tems even if they operate upon substantially the same frequency will in a relatively short time, each be ac quired and the data understood.
Other embodiments of the invention, including addi tions, subtractions, deletions and other modifications of the preferred disclosed embodiment of the invention will be obvious to those skilled in the art and are within the scope of the following claims.
What is claimed is:
1. A spread spectrum communications system for use with a communications network having a wide band width linear repeater channel comprising a transmitting element having m means for repetitively generating a plural binary digit message signal for a sequence of binary input data, different input data resulting in differ ent message signals and modulation means for generating from said mes sage signal a spread spectrum transmission sig nal, said transmission signal being adapted to be transmitted as a pseudo-noise signal simulta neously with a plurality of nonspread spectrumcommunications signals over said wide band width repeater channel, said channel being dedi cated to receiving and retransmitting said plural ity of nonspread spectrum communication sig nals unrelated to said spread spectrum signal, and a receiver station for receiving said spread spec trum transmission signal, as retransmitted by said repeater channel, and for reconstructing said input data from said received retransmitted transmission signal. 2. The spread spectrum system of claim 1 wherein said transmitting element comprises means adapted to generate a spread spectrum signal for transmission through a satellite communications system, said satellite system having said wide bandwidth repeater channel.
3. The spread spectrum system of claim 1 wherein said transmitting element generating means comprises means for repeatedly generating at a first bit rate a selected pseudo-random code bindary signal hav ing a selected length, said first bit rate and said selected length defining a code word cycle time, means for generating at a second bit rate a synchroni zation identification word binary signal; means for generating at a third bit rate said sequence of binary input data, said first bit rate divided by said selected length being an integer multiple of said second bit rate and of said third bit rate, and means for combining said code signal, said synchroni zation signal and said data sequence to form a re peating binary message signal, and said modulating means comprises means for modulat ing a constant frequency carrier wave with said message signal to generate said spread spectrum transmission signal. 4. The spread spectrum system of claim 3 wherein said synchronization signal generating means com prises a circulating shift register containing at least a selected synchronization word, said data signal generating means comprises a second circulating shift register containing at least a data information sequence, said combining means comprises a modulo two adder, and said system further comprises means for synchroniz ing operation of said code signal generating means, said synchronization signal generating means, and said data signal generating means. 5. The spread spectrum system of claim 1 wherein said message signal comprises a synchronization word and a sequence of data message bits, each combined with a repeating pseudo-random code sequence, and said receiver station comprises at least one receiver element, each element compris ing means for forming first and second quadrature component signals of said received signal at a selected carrier frequency, a first and a second pseudo-random code matched filter, each filter being responsive respectively to said first and second component signals and each filter being matched to the selected pseudo-ran dom code signal, and incoherent detection means responsive to outputs of said filters for providing an output signal rep resenting the degree of correlation of the re ceived signal and the selected pseudo-random code signal. 6. In a spread spectrum system having a carrier signal angle modulated by a message to be transmitted, and wherein the transmitted message comprises plural mes sage bits synchronously combined with a repeating pseudorandom code sequence, a receiving method com prising the steps of non-coherently acquiring and tracking said pseudo random code sequence by employing non-coher ent, recursive integration, and thereafter acquiring and tracking the transmitted carrier frequency and phase. 7. In a spread spectrum system having a carrier signal angle modulated by a message to be transmitted, and wherein the transmitted message comprises plural mes sage bits synchronously combined with a repeating pseudorandom code sequence, a receiving method com prising the steps of providing a plurality of receiving elements operating in substantially non-overlapping frequency ranges, non-coherently acquiring and tracking said pseudo random code sequence using one of said receiving elements, and thereafter acquiring and tracking the transmitted carrier frequency and phase using said one of said receiving elements.
8. A spread spectrum communication system for use with a communications network having a wide band width repeater channel, comprising a transmitting element having means for repetitively generating a binary message signal from a sequence of binary input data, said message signal comprising a synchronization word and a sequence of data message bits, each 4,291,409 15 combined with a repeating pseudorandom code Sequence, and modulation means for generating from said mes sage signal a spread spectrum transmission sig nal, said transmission signal being adapted to be 5 transmitted as a pseudo-noise signal simulta neously with a plurality of communications sig nals over said wide bandwidth repeater channel, said channel being dedicated to receiving and retransmitting said plurality of communications 10 signals, said communications signals being unre lated to said spread spectrum signal, and a receiver station for receiving said spread spectrum transmission signal, as retransmitted by said re peater channel, and for reconstructing said input data from said received retransmitted transmission signal, said receiver station comprising at least one receiver element, each element compris 9. The spread spectrum system of claim 8 wherein 45 said periodically occurring times correspond to not more than one-half the time duration between pseudo random code bit occurrences. 10. A spread spectrum communication system for use in a communications network having a wide bandwidth 50 repeater channel, comprising a transmitting element having means for repetitively generating a binary message signal from a sequence of binary input data, said message signal comprising a synchronization 55 word and a sequence of data message bits, each combined with a repeating pseudorandom code sequence, and modulation means for generating from said mes sage signal a spread spectrum transmission sig-60 nal, said transmission signal being adapted to be transmitted as a pseudo-noise signal simulta 'neously with a plurality of communications sig nals over said wide bandwidth repeater channel, said channel being dedicated to receiving and 65 retransmitting said plurality of communications signals, said communications signals being unre lated to said spread spectrum signal, and 13. The spread spectrum system of claim 12 wherein said word matched filters comprise means for coherently detecting each data word and plural segments of a synchronization word, and means for incoherently combining said coherently detected words and segments for providing a signal output corresponding to the closeness of the quad rature mixing frequency to the received carrier frequency. 14. The spread spectrum system of claim 12 further comprising a variable frequency carrier source for generating said quadrature components, 
